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This work analyses the contribution of radiation heat transfer in the cooling of a pebble bed
modular reactor. The mathematical model, developed for a porous medium, is based on a set
of equations applied to an annular geometry. Previous major works dealing with the subject
have considered the forced convection mode and often did not take into account the radiation
heat transfer. In this work, only free convection and radiation heat transfer are considered.
This can occur during the removal of residual heat after shutdown or during an emergency
situation. In order to derive the governing equations of radiation heat transfer, a steady-state
in an isotropic and emissive porous medium (CO,) is considered. The obtained system of
equations is written in a dimensionless form and then solved. In order to evaluate the effect of
radiation heat transfer on the total heat removed, an analytical method for solving the system
of equations is used. The results allow quantifying both radiation and free convection heat
transfer. For the studied situation, they show that, in a pebble bed modular reactor, more than
70% of heat is removed by radiation heat transfer when CO, is used as the coolant gas.
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INTRODUCTION

Radiation heat transfer can be found in many in-
dustrial applications. In the nuclear field, this mode of
heat transfer is encountered in high temperature gas
reactors (HTGR). Pebble bed modular reactors
(PBMR) fall into the category of HTGR. In normal sit-
uations, the removal of heat from a PBMR's core is en-
sured by a gas flowing through fuel spheres by forced
convection, while in accidental situations this is done
by free convection. If a tri-atomic gas is used, in some
accidental situations, heat can be removed by both ra-
diation and free convection.

The best analytical models for studying heat trans-
fer in PBMR are those developed for the porous media
theory. Among the first analytical works done on PBMR
by considering a porous medium equation setup is that of
Dzung [1] and one of its findings was that the maximum
gas temperature is much higher than the mixed mean
value. After this, more studies dealing with thermal hy-
draulics of PBMR were carried out. Stroh ef al. [2] pre-
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sented a mathematical model for the analysis of coupled
thermal-hydraulic problems in steady-state pebble bed
nuclear reactor cores. None of the usual simplifying as-
sumptions, such as constant properties, constant velocity
flow or negligible conduction and/or radiation, were
used. Passive heat removal from a PBMR core was stud-
ied by Kugeler et al. [3] and they deduced that the reduc-
tion of the maximum accident temperature below 1600
°C is necessary and can be done in a realistic way by a
passive, natural heat transfer mechanism. Most works on
heat transfer in PBMR neglect the radiation heat transfer,
as is the case with that of Achenbach [4], where the
state-of-the-art of heat and flow characteristics of packed
beds were presented and new experimental data of heat
transfer reported. A number of PBMR thermal-hydraulic
results were also given using computer codes or CFD
techniques, as in the works done by Dudley [5] and Kim
[6]. Because the PBMR core is filled with spheres, it can
be studied as a porous medium and all the results ob-
tained can be applicable to a PBMR core. Numerous
works dealing with heat transfer exist in the porous me-
dia field. Convection heat transfer in vertical cylindrical
annuli filled with a porous medium has been studied by
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Havstad and Burns [7]. They proposed an asymptotic so-
lution valid for very tall cylinders and all temperature dif-
ferences. They also presented some Nusselt results, ac-
cording to the reactor core aspect ratio and radius ratio.
Combined radiation and forced convection heat transfer
in porous media was investigated by Talukdar et al. [8].
They used a discrete transfer method to solve the radia-
tive part of the energy equation and found that radiation
has a significant effect on various parameters studied.
Free convection and radiation was studied for a vertical
wall with varying temperatures embedded in a porous
medium by Badruddin et al. [9]. They presented numeri-
cal results for the local Nusselt number concerning cases
both with and without radiation. In another work,
Badruddin et al. [10] evaluated radiation and free con-
vection heat transfer through a vertical annulus embed-
ded in a porous medium. They showed the influence of
aspect ratio and radius ratio on the Nusselt number, as
done by Havstad and Burns [ 7] for convection heat trans-
fer and commented on the effect of radiation on heat
transfer behavior.

Most works do not take into account radiation
heat transfer between the cooling gas and the solid sur-
faces and consider only forced convection, due to the
fact that the cooling gas is mono-atomic. In the present
work, a tri-atomic gas is used as the coolant for the
PBMR core and the study is done in a situation where
the CO, gas flows solely by its density difference. Un-
der these circumstances, only free convection and radi-
ation heat transfer take place in the PBMR core. In this
study, radiation heat transfer occurs between the sphere
surfaces and CO, in a porous medium in the annular
part of the nuclear reactor core. The ultimate aim of our
work is to evaluate the rate of radiation heat transfer in
comparison to the total heat transfer in a PBMR core.

MATHEMATICAL FORMULATION

This study deals with radiation heat transfer in a
porous medium where a tri-atomic gas is involved. As
said, it is typically the case of thermal hydraulics in a
PBMR where a gas is used to remove the heat pro-
duced in the nuclear reactor core. Figure 1(a) shows
the gas flow in a PBMR core in a normal situation,
while fig. 1(b) depicts an equivalent porous medium in
an annular volume. The flow in fig. 1(b) is upward and
governed solely by the difference in gas density. This
configuration is the case studied and presented in this
work. More technological PBMR details are to be
found in Singh [11].

The assumptions adopted consider a stationary
regime, two dimensions in space and one phase flow.
The thermal equilibrium between the fluid and the
solid phase is also supposed, performed for a refrac-
tion number chosen to be equal to 1, as defined by
Bousri et al. [12]. The equations governing the flow of
an incompressible and inviscid fluid in an annular ver-
tical cylinder filled with a reactive porous medium are

Porons medium
in the annulus

Figure 1. Annular porous medium; (a) porous medium
in a PBMR, (b) equivalent porous medium studied

deduced from the principles of the conservation of
mass, momentum and energy, as given by Bories et al.
[13]. The mathematical formulation is established by
developing the conservation equations, taking into ac-
count the radiation heat flux occurring in annular ge-
ometry. This set of equations is written as those de-
fined by Darby [14].

The procedure is a projection of egs. (1)-(3) in
cylindrical coordinates to determine the system of
equations governing the heat transfer.

Mass conservation

The equation of mass conservation is written in
its general form as follows

P iv(p0)=0 (1)
ot

Momentum conservation

The equation of motion, as given by the Darcy
model in Kaviany [15], is written as follows

6=—§(Vp+pg) )

Energy conservation:
radiation effects considered

In a porous medium, two energy equations are
written for both the solid and the fluid phase, as men-
tioned by Kaviany [15]. Atthermal equilibrium, the fi-
nal energy equation is the sum of these two energy
equations. The last term in eq. (3) is added to account
for the radiation heat transfer.

« OT ~ # ~
(PuCom)| =+ (piCy)OVT =V(AVT) =V, (3)
where p,, and prare the medium and fluid densities, re-
spectively, Cym and Cy¢ — the specific heat at constant
pressure of the medium and the fluid. The first term in
eq. (3) is given by (0,,Com)” = (1 =£)(PsCps) + £(05 Cpp),
where ¢ is the porosity of the medium, p; and Cy are,
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respectively, the solid density and specific heat at a
constant pressure of the solid. The subscripts “m”, “s”,
and “f” refer, respectively, to the medium, solid phase
and the fluid phase. Uis the velocity vector of the fluid,
T — the medium temperature, and A~ — the effective
thermal conductivity of the medium given byA” = (1 —
—&)s+&Mg, where A and Arare, respectively, the ther-
mal conductivity of the solid and the fluid phase. The
lasttermV(q , represents the gradient vector of the total
radiation heat flux density, expressed by

0o 47

q r (SaA) = _[ ILQVC (Saﬁ)gd‘()dvc (4)
00

where Ly, (s, A)is the spectral directional radiance at
the co-ordinate point s in direction A and the solid an-
gle dQ, for frequency v,.

To find out L, ineq. (4), itis essential to solve
the equation defined By Bories et al. [13]

1 dLg, (s,A)
B,

c

+ Lo, (,A)= (-0, )L} [T(s)]+

O T p (A Mg, (s, A2 (5)

where 8, =y, .0, isthe extinction coefficient, y,, i
the absorptlon coefﬁc1ent o, —the diffusion coefﬁ01ent
as 1- o, =1,/B,. o, Lo o/B,, — the albe do
LO [T (s)] — the monoéhromatlc radiance of the
blackbody and is calculated by

3
10 [Ty = e

C? |exp ho, -1
¢ kgT

The radiation in the environmentisc, =C,/n, ,
where the wave velocity in the vacuum is given b§1
C,=299792458 m/s, n,, —therefractive index and p,, —
the phase function, whlle h=6.626-10"3J/s — the Planck
constant and kg = 1.381-10723 J/K — the Boltzmann con-
stant. p,, (A, A) is the phase function or diffusion indi-
ces in the medium. It is interpreted physically as the ratio
of the intensity of scattered radiation in a direction by the
intensity of the radiation scattered if the diffusion is iso-
tropic in the same direction as defined by Kamdem [16]
then

1 4n
~Ip @, A)d2=1 (6)

When integratmg eq. (5) over the entire solid an-
gle Q, from 0 to 4m, taking into account eq. (6), ac-
cording to Kamdem [16], we get

(s,4)
=

0

dQ=-p, 4fL (s,A)dQ+

+any, L° [T(s)]+a (7a)

4n 4n
We have [L, (s,A)dQ=[L, (s,A)d2
0 0

Equation (7a) is transformed as

4zdL, (s,A)

| dQ =4ny, L) [T(s)]+
—" Ly,

4n
+o, [L,(s,A)dQ (7b)
0

and, taking into account eq. (4), Vg, is written as fol-

lows
o0 471

G, =V[[L, (s,0)Ad2dv, =
00

o 471
L [T@Mv. =z, [ [L, (s,A)AdQdv, (8)

=j|f4rcxvc
0 00

Figure 2 represents the projection of the radiance
describing the radiation of the solid particle S in a di-
rection A through a solid angle (2 in the radial direction
r, axial direction z and angular direction 6.

Figure 3 represents the projection of the solid an-
gle Q according to space co-ordinates 7, z, and 6 and
the definition of the curvilinear derivative in space di-
rection z. Direction A is defined according to space
co-ordinates (7, z, ) with, respectively: sin 8 cos ¢
along r, sin¢ sin@ along z, and cos 8 following @, as ex-
pressed by Kamdem [16].

The variation of the solid angle is given by

dQ = sin 6dod¢ 9)

where, 8 and ¢are, respectively, the polar and the azi-
muthal solid angle 2.

According to Kamdem [16]: m =cos 6 and its de-
rivative is dm = —sin 6 and when replaced in eq. (9),
one obtains

dQ=— dmdg (10)

Figure 2. Projections of the radiance according to the
solid angle
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Figure 3. Projection of the solid angle

Now, considering a surface in plane (7, ) and the
radiation heat transfer taking place only in the z direc-
tion, the curvilinear derivatives are given by: d/ds =
= 0/0z dz/ds

With dz/ds =m, one can write
d 0

m-2
ds 0z

Taking into account eq. (11), the radiation bal-
ance eq. (5) leads to

(1)

ardL, (s,A)
m—

]

47
dQ+p, [L, (mA)dQ=
0 0

47 .
=4my, L) [T(9er, [L, (mANQ (12
0

It is considered herein that the spheres are ran-
domly dispersed in the medium and that the radiation
properties are independent of the azimuth so that, con-
sequently, one can write

LVC (S’A) :ch (Z7m)

4n 1
f...d.Q=21tj...dm
0 -1

P(A,A)= p(ii,m)

Let us consider a sphere surface element, as pre-
sented in fig. (3), defined by 7, 6, and z. Radiation heat
transfer occurs only in the direction of the vector normal
to this surface and thus the vector gradient of the radia-
tion heat flux density is written as: Vq , =0q ,/0z and
the eq. (8) becomes

VG, =[4ny, L) [T(s)dv, -
0

o 1
_)CVCJ.ZnJ.LvC(z,m)dmdvc (13)
0o -1

while energy conservation eq. (3), when taking into
account radiation heat transfer, becomes

or or\ A o or\ o ol
(pCp)f U—tW— |2 —|r— |[+—| L — |-
or Oz r or\_ or Oz Oz
o w ]
—f 4my,, Lec [T(s)]dv, —x,, J ZRJ.LV“(z,m)dmdvc
0 0 -1
(14)

Conservation equations projected in (7, z) plane
are finally written as

Lotwn), ow_y (15)
r o or 0z
uZ_K(@p} W:_K(ap_pgj (16)
u\ or u\ oz

ar ear\ A o or\ of ., or
(PCeju—+w—|=——|r— |+ (4 — |-
or 0z r or\ or oz 0z

o o 1
—j 4ny,, L(:t[ T(s)ldv, = x,, J. 2TcILVC(z,m) dmdv,
0 0 -1
7)

The integral form of the right term in eq. (17)
represents the expression of the radiation heat flux.

According to Boulet [17], integrals in eq. (17)
can be replaced by sums as follows

o o 1
f4n)(vc Lec [T(s)dv. —x,, _[ 2TEJLVC (z,m)dmdv, =
0 0 -1
=Y 4nyL (T)Av, 2my Y. L, (z,m)AmAv,
Ve V. m (18)

So, eq. (17) can be written as

(pC )[uauwaszfa(ﬂjﬂ[f 6T)
P s e )T e o ) o\ ez
n 0 1M
—Z4n;{L (T)—2ZL(z,m)Am]}Avci (19)
i J

The flow model adopted for the porous medium
is the Darcy one. Conservation equations are given in
dimensionless forms, reporting the variables with ref-
erence to variables such as outer radius r,, velocity U,
and temperature 7, of the fluid. According to Bories et
al. [13], if the following dimensionless quantities are
considered

L Uy A
ol alr ou/ K au/K
r-7, . 1 ro, L
T= ,sz,l”:f, = 7
Ti_Te Te Te UTe

then the mass, momentum, and energy conservation
equations are written, respectively, as
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o(ur) Ly ow 0 20) resistance, when it is localized in the fluid, on the total
o o heat transfer.

or ar  “or

(‘ ot 67] 1[8‘:) o*r ot
U w2 |+ + =
o ox) | o) e a2

4.2
40T, r; (1 w)AT{an (T)_g ZL(z,m)m}vc

@n

2 :

v AP

e

(22)

where, 1 and w are the dimensionless forms of veloc-
ity components, i and z — the dimensionless forms of
spatial co-ordinates, 7 is the dimensionless form of the
medium temperature, L the dimensionless form of ra-
diance, K —the permeability, o —the thermal diffusivity,
1 —the dynamic viscosity, S — the expansion coefficient,
o —the albedo, g — the gravity acceleration, p — density,
AT —the temperature difference, 7. — the outer radius of
the cylinder m =cos ¢, and Ra,,= Kr.gp.SAT/ayp isthe
modified Rayleigh number, as given by Incropera [18],
defined as being the product of the Rayleigh number
Ra=gBAT: rf /ve and the Darcy number Da = K/r%.. The
expansion coefficient B is calculated, as proposed by
Serth [19], assuming 7,=(800+273)K, by =1/T.=
=0.0009319 K, while the pebble bed permeability is
evaluated by K = d ?* (£>7/5.6).

‘We note the apparition of the coupled parameter
as the one calculated for conduction-radiation by
Kamdem [16]. This coupling parameter is the inverse
ratio of the quantities given in the term sumin eq. (22),
noted as N = l*ﬁ / 40Te4. In summary, one can write
the following simple equation

3 4a)rf
N

where, O, and O, are, respectively, the convective and
radiative heat transfer.

o

0, (23)

Boundary conditions

The inner wall of the bed region is adiabatic (eq.
24), while the outer one exchanges heat with the sur-
roundings (eq. 25). The Biot number defines the con-
duction thermal resistance on the convective one. In
this study one focused on Biot numbers greater than
unity, such as the values taken to be 5, 10, 30, 50, and
70, and presented in tab. (6) because, the conduction is
slow in the sphere body, then at its surface, the temper-
ature gradients in the sphere body are not negligible
and the thermal resistance is localized at the sphere
side. These Biot values are much closer to the real the-
oretical behavior of a PBMR. The case where Biot
number = 0.5 is taken to establish the effect of thermal

The radius ratio is defined as n = r//r,, the height
ratio by A = H/r, and, therefore,  varies from 7 to 1
and z varies from 0 to A4.

— At the inner wall of the annulus

r=ll =1 (24)
re
— At the outer wall of the annulus
%zl:ﬁ:—Bir (25)
or
— At the inlet of the annulus
z=A4A= ﬁ =0 (26)
0z
— At the outlet of the annulus
z=0=> ﬁ =0 27)
0z

A stream function is introduced to solve the sys-
tem ofegs. (20)-(22), giving the convective heat trans-
fer Q.. In order to calculate the radial velocity compo-
nent, one has to consider the temperature expression
appearing in the heat transfer equation. This method is
well explained by Havstad and Burns [7]. After calcu-
lations, a dimensionless form of the convective part is
found

_ 2yRaBin
O = (I-Bilnn)
n’ 1“’7_22 (24172 14 Bioy? +Bin® Inn-Bin®)-
2n° -1
-Bi +1+Bi773—Bi773ln 77+773 Inn —i
2 2 2

(28)

where y = 0.57 is a proportionality constant given by
Havstad and Burns [7].

The dimensionless total radiation heat flux is
written according to Kamdem [16] as

o 1
0, =2nf [ L(z,m)dmdv, (29)
0-1

Taking into account thermal equilibrium, radia-
tion heat transfer and constant isotropic radiation, one
can establish a simple formula between radiance and
the emitted radiation L = M/n known as Lambert's law,
with M givenby M = e, o(T.* =T;*). So, this allows re-
placing the integral in eq. (29) by a sum. The radiation

heat flux becomes

0, =2% Y e (T, =T )AmAv,  (30)

where e is the carbon emissivity, o — the Stephan-
-Boltzmann constant, T, — the sphere surface tempera-
ture, T; the CO; inlet temperature, m — the value given
by cos 68, and v, — the frequency.
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The total heat flux can now be evaluated thanks
to egs. (23), (28), and (30). It is expressed by the sum
of the convective part and the radiative part

2
rE
Q‘r :Qv +Qr :quv +Qr :74‘1\) +Qr (31)
aoT,

e

where N, =r?/acT, isthe number thatrelates the ra-
diation to the convection in the global thermal eq. (28).

The PBMR geometrical characteristics are taken
from Venter et al. [20]. The generated power, the pres-
sure of the system, the inlet and outlet gas temperature
difference and the CO, mass flow rate are maintained
the same as when using helium gas. These quantities
are summarized in tab. 1

Table 1. PBMR characteristics

Parameters Identity
Generated power 400 MW
CO; inlet temperature 400 °C
CO, outlet temperature 800 °C
Pressure of the system 9 MPa
CO, mass flow 192 kg/s
PBMR core outside diameter 3.7m
PBMR core inside diameter 2.0m
Fuel spheres number 450000
Fuel sphere diameter 0.06 m
Enrobing fuel material Carbon

The considered study data taken from Incropera
et al. [18] are presented in tab. (2). The physical prop-
erties are calculated for an arithmetic averaged tem-
perature between the entry and the exit of the gas.

Venter et al. [20] used a Computer Aided Design
(CAD) to create the complex geometry of the reactor
core in 3-D and to extract accurate geometric informa-
tion such as volumes. In our work, this is not the case;
the annular volume is developed in a Cartesian system
to render a cubic volume. The volume is calculated,
for an inline disposition of spheres, by multiplying the
height by width by length: 50d x 82d x 110d, respec-
tively, which gives exactly 451000 d&*> m®. Where d is
the sphere diameter. This volume has been rounded to
450000 &> m®. We consider the disposition of the

Table 2. Considered study data from Incropera ez al. [18]

Table 3. Application results

Quantity Equation Value
Total volume [m’] V,=450000d° 972
Volume of the solid phase [m’] V= (43)m 50.8938

(d/2)*- 450000
Volume of the fluid phase [m*]| Vi=V,— V. | 46.3062

gr= Vil 0.4764
85'5

Porosity

Permeability [m?] K="—d” |1.08883.10°

Quantity Value
Temperature at the surface of the sphere [°C] 1000
Carbone emissivity 0.98
CO; inlet temperature [°C] 400
CO, cinematic viscosity [m’s™] 8.424-10°
CO, diffusion coefficient [mzs’l] 1.153-10*
Gravity [ms 2] 9.81
CO; outlet temperature [°C] 800
Stephan-Boltzsmann constant [Wm’2k4] 5.67-10°%

56

spheres in the annulus of the PBMR core as an inline
disposition.

Some porous medium specific quantities are cal-
culated and presented in tab. 3. It must be stressed that
all results produced are directly dependent on the cal-
culated porosity.

In tab. 4, in order to calculate the radius ratio 7 =
=r;/r, and evaluate the modified Rayleigh number, the
values for the inner and outer radius of the PBMR core
are given.

Calculations have to be done considering a con-
stant core volume and a constant number of spheres.
Any changes in the core height will automatically in-
duce a change in the core radius and vice versa.

In tab. 5, the values for core reactor height H are
given. The values of the outer radius 7, (tab. 4) are
used to calculate ratio 4 = H/r,. This part of the work
restricts parametric studies in order to always keep the
core volume and the number of spheres constant.

The values of the Biot number used in the calcu-
lations are reported in tab. 6.

The values of the coupling parameter N,, pre-
sented in tab. 7, are calculated by varying the outer ra-
dius of the nuclear reactor core from 3.7 m to 8.7 m.

Table 4. Rayleigh number calculation for the given
radii ratio

n re [m] ri[m] Ray,
0.54 3.7 2.0 15153.0312
0.63 4.7 3.0 19248.4451
0.7 5.7 4.0 23343.8589
0.74 6.7 5.0 27439.2727
0.77 7.7 6.0 31534.6866
0.8 8.7 7.0 35630.1004

Table 5. Form factor and height values

A 0.5 1 2 5 10 20
H | 1.85 4.7 11.4 33.5 77 174

Table 6. Biot number values

IBilos| s [ 10 ] 3 [s0] 70 |
Table 7. Coupling parameter values
el 37 4.7 5.7 6.7 7.7 8.7

[m]
N, |1.5797639/2.5490858|3.7491987|5.18010248|6.841797198.73428283
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Table 8. Values of frequency, polar angle and m

F 6 8 10 12 14 16
0° 0 15 30 45 60 85
m=cos 6 1 0.96596017 0.86615809 0.70738827 0.50045969 0.08790494

The frequency F, the polar angle 6, and the cos
(0) values used to evaluate the dimensionless total ra-
diation heat flux in eq. (30) are presented in tab. 8.

Radiation heat transfer calculations

The radiation heat transfer ina PBMR occurs be-
tween a gray surface represented by the carbon that
covers the spherical fuel pellets and the gas, in this
case CO,, used as coolant, as shown in fig. 4. A model
describing this heat transfer was proposed by Jannot
[21]. To describe the radiation heat transfer occurring
in a PBMR core, the following governing equations
are established and the calculating flowchart is pre-
sented in fig. 5. In fig. 4, only the mechanism of radia-
tion heat transfer between the spheres and the gas is
shown. The solid and gas heat conduction are taken
into account in eq. (3).

Sphere

.

co,

Sphere
Sphere \

Figure 4. Ilustration of radiation heat transfer between
CO; and the solid surfaces

Reflected

i

”
—»  oaTy

| Solid H cresT: CO, gas

—» g coeT!
Emitted i

Absorbed

Carbon emits to the gas a radiation density equal
to oe, T}, where e, is the carbon emission factor. The
gas reflects an amount of the radiation heat flux equiv-
alent to oe, T, g4 and absorbs a quantity of o oe, Tg4 ,
where « is the absorption factor. After balancing, the

net flux density obtained is

Ognet =GasTs4 _O‘so-eng4 =as<7(eSTS4 _Tg4) (32)

RESULTS AND DISCUSSION

Variations of the total heat flux recovered by the
CO, gas are presented. Firstly, calculations are done
regardless of the radiation heat transfer. Secondly, cal-
culations are done taking into account the radiation
heat transfer. A comparison between the two situations
is then made. The presented results concern the varia-
tions of the total heat flux as a function of the radius ra-
tio varying from 0.54 to 8.0, for the given different
Biot number values between 0.5 and 70, and for differ-
ent Rayleigh number values.

Presented in fig. 6 the dimensionless total heat
flux variations, without considering the radiation heat
transfer, as a function of the radius ratio varying be-
tween 0.54 and 0.8 and the different values of the Biot
number between 0.5 and 70 and for a fixed Rayleigh
number equal to 15153. One can note that, for the
small values of the radius ratio ranging from 0.54 to
0.63, the heat flux takes values between 0 and 200000.
For a Biot number equal to 5 and 10, the heat flux var-
ies between 100,000 and 500,000; but, for the large
values of the Biot between 30 and 70, the heat transfer
increases with the radius ratio and becomes more im-
portant, ranging from 150,000 to 1,000,000. It can also
be noted that for a Biot number equal to 0.5, the heat
flux is almost zero. One observes the same variations
ofthe heat flux as a function of the radius ratio for very
large Biot number values.

Figure 5. Radiation heat
transfer flowchart

Energy balance on
CO, gas

Emitted
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Figure 6. Dimensionless variations of the total heat flux
regardless of radiation heat transfer as a function of the
radius ratio for different values of the Biot number and a
constant Rayleigh number equal to 15153
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Figure 7. Dimensionless heat flux variations depending
on the total radius ratio for different values of the Biot
number and a number of the Rayleigh constant equal to
15153, taking into account radiation heat transfer

Presented in fig. 7 the dimensionless variations of
the total heat flux according to the radius ratio between
0.54 and 0.8, for different values of the Biot number and
for a constant value of the Rayleigh number equal to
15153, taking into account the radiation heat transfer.
One can note that for each value of the Biot number, for
small radius ratios less than 0.55, the heat flux takes al-
most identical values and the flux increases according
to the radius ratio, except for a Biot number equal to 0.5
where it remains constant. It can also be noted that the
heat flux has identical variations as a function of the ra-
dius ratio for large values of the Biot number.

Figure 8 shows the dimensionless heat transfer
variations for different values of the radius ratio be-
tween 0.54 and 0.8, and for different values of the Biot
number and constant value of the Rayleigh number
equal to 19248, regardless of the radiation heat flux.
For all values of the Biot number and for small radius
ratios less than 0.55, the heat flux varies between 0 and
200000. Upon this, the heat flux increases with the in-
crease in the radius ratio for all Biot numbers, except
for those equal to 0.5, where it remains constant.

Radius ratio

Figure 8. Dimensionless variations of the total heat
transfer as a function of the radius ratio for different
values of the Biot number and for a Rayleigh number
equal to 19248, regardless of the radiation heat transfer
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Figure 9. Dimensionless heat transfer variations
depending on the radius ration for different values of the
Biot number of a Rayleigh number equal to 19248, taking
into account radiation effects

Heat flux variations are plotted in fig. 9, according
to the radius ratio for the values of the Biot number be-
tween 0.5 and 70 and a constant Rayleigh number equal
to 19248, taking into account radiation heat transfer. One
notices that for a Biot number equal to 0.5, the heat flux is
low and almost constant. It can also be noted that for Biot
numbers between 5 and 70, for small values of the radius
ratio less than 0.55, the heat flux varies between 0 and
1.5-107, after which the heat flux increases significantly,
along with the increase in the radius ratio.

When comparing figs. 6 and 7 and figs. 8 and 9,
one can see that when taking into account the radiation
heat transfer, the dimensionless total heat flux evacu-
ated from the PBMR core increases and becomes more
important.

CONCLUSIONS

This work shows that the radiation heat transfer
plays a major role in the extraction of heat from a
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PBMR core, even more so if forced convection is
avoided. Applied to a PMBR, the heat flux through an
annular geometry filled with a porous medium de-
pends on several parameters, such as the ratio of the in-
ner and outer radius of the annulus core (as discussed
by Havstad and Burns [7], as well as by Badruddin et
al. [10)]), and the modified Rayleigh and Biot num-
bers. Obtained results show that the total heat flux re-
moved from a PBMR core, with or without the consid-
eration of radiation heat transfer, increases when the
Biot number increases, as well as upon an increase in
the modified Rayleigh number. On the other hand, if
taking into account the radiation heat transfer, this sig-
nificantly increases the total heat flux recovered by the
coolant. This study shows that, for a porosity of 0.47,
when using CO, as a coolant in a PBMR, the heat re-
moved by the radiation heat transfer amounts to about
70% to 80 % of the total removed heat. This radiation
heat transfer represents more than eight times the heat
removed by free convection, making CO, a good gas
coolant in post shutdown or emergency situations.
This technique of cooling the PBMR core may be re-
fined with time, after the porous media configuration
undergoes an upgrade.
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Kamen CUIU-AJIN, Xanen YKL, Tunnnane XACAHU, Jacmuna AMPU, Aopenmyman AJIEM

INPOLEHA INNPEHOCA TOILIOTE 3PAYEIEM Y IIOPO3HUM CPEIVMHAMA
IIpuMena Ha MOJyJIaPHH PEAKTOP ca CBEPHIM I'OPUBHUM ejleMeHTHMa Xjal)eH yribeHIHOKCHIOM

Y papy ce aHanu3upa JOIPHHOC IIPpeHOca TOIIOTE 3pauemheM, Xilahewy MOlyJIapHOr peakTopa
ca CBEpHUM FOPUBHUM €lleMEeHTUMa. MaTeMaTHuKi MOJIE] Pa3BUjeH 3a MOPO3HY CPEIUHY 3aCHUBA ce Ha
CKyIy jefHaYMHAa IIPUMEHJBMBOM 3a KPYKHY T€OMETpHjy. Y HNPETXOTHUM BaXKHHjUM PagoBAMa O OBOM
IpeaMeTy, pa3MaTpaH je MOJeNl NpUHYZHEe KOHBEKIHje, dyecTo 6e3 ypadyHaBama IIPEeHOCa TOIIIOTE
3paueweM. OBJie ce IpoyyaBa clI000/IHa KOHBEKIH]ja U IIPEHOC TOILIOTE 3paueHheM, KOjU CE jaBibajy TOKOM
yKJamama 3a0CcTajie TOIUIOTE IMOCNe MpecTaHKa paja Wil TOKOM BaHpefgHor forabaja. Y Hamepu ja ce
U3BEy KIbyUHE jeHAUNHE MIPEHOCcA TOMIIOTE 3padeheM, Pa3MaTPaHoO je CTAMOHAPHO CTalke H30TPOIHE
€MICHOHE CPeINHE YTIbeHAnoKcuyia. [loonjeHn cucTeM jefHauYnHa 3aMicaH je y 0e3IMMeH31jaITHOM OO0JINKY
U TOTOM pelleH. Paiy mpoleHe yYMHKA MpeHOoca TOIUIOTE 3paveHheM Ha YKYIHY YKIOHEHY TOIUIOTY,
CHCTEM je[HaUMHA PEILICH je aHATUTUIKUM IIOCTYIKOM. Pe3ynratu oMoryhyjy KBaHTH(HKOBamke IpeHoca
TOIUIOTE, KaKO 3padeHeM TaKO W CIOOOMHOM KOHBEKIHjOM. Y IMPOyYaBaHOM IPUMEPY MOAYIapHOT
peakTopa ca CBepHIM FOPUBHIM €JIEMEHTIMA, TIOKa3aHo je fia ce Butie off 70 % TOIIoTe YKIIama IPeHOCOM
TOIUIOTE 3paueHheM YKOJIHKO j€ YIIbeHINOKCH]] KOpUITheH Kao XIauiall.

Kmwyune peuu: iiperoc iwiotinoitie, HOPO3HA CPEOUHA, MOOYAAPHU PEAKILOP CA CBEPHUM ZOPUBHUM
enaeMeHiliuMa, 3payerbe, cA0000HA KOHBEKYUa, 2ac, Xaahere, y2/beHOUOKCUO




